Lipopolysaccharides (LPS) were extracted from rough strains of Brucella abortus and Brucella melitensis and from strains of the naturally occurring rough species Brucella ovis and Brucella canis. Brucella rough lipopolysaccharides (R-LPS) were readily distinguished from Brucella smooth lipopolysaccharides (S-LPS) and enterobacterial R-LPS, by their chemical, physical, and serological characteristics. B. ovis R-LPS was differentiated from B. abortus, B. melitensis, and B. canis R-LPS by its reaction of partial identity in immunodiffusion. Monospecific mouse sera against B. ovis R-LPS agglutinated only the homologous bacteria but not R cells of other species ofBrucella. B. ovis R-LPS contained more 2-keto, 3-deoxyoctonate, and glucosamine as a percentage of dry weight than any other R-LPS tested. B. abortus R-LPS was identified by the absence of an unidentified sugar present in the other R-LPS molecules, and B. melitensis R-LPS could be differentiated from B. canis R-LPS by its higher content of fatty acids. In contrast to S-LPS, all of the R-LPS studied lacked quinovosamine. In electron micrographs, Brucella R-LPS had a granular appearance, in contrast to typical lamellar structures formed by Brucella S-LPS and Escherichia coli R-
The genus Brucella comprises intracellular parasites that induce abortion in a variety of animals (1, 32) and febrile illness in humans (5) . In addition to the four species which occur normally as smooth forms, the genus includes two species, B. ovis and B. canis, which exist as rough forms (3, 7, 8, 11, 23, 31) . These are the only known gram-negative bacteria that are fully pathogenic in this phase (3, 11, 12, 25, 26, 30) . Cell wall and membrane defective variants of smooth Brucella sp. have also been reported to produce disease in animals (6, 10, 27) .
The chemical and serological characteristics of smooth lipopolysaccharide (S-LPS) and related polysaccharides have been described recently, and their chemical composition was related to some of the unusual biological properties of these LPS (21) (22) (23) (24) . Quantitative differences in the antibody responses to these LPS and polysaccharide antigens by vaccinated and infected cattle have also been described (9, 24) . In this report we present data on the chemical and serological characteristics of R-LPS from four species of Brucella, including distinctive characteristics of the specific LPS.
MATERIALS AND METHODS Purification of R-LPS. The characteristics of the Brucella strains used for the extraction of R-LPS have been presented elsewhere (1, 9, (22) (23) (24) 28) . R-LPS was isolated and purified as described previously (23) . Briefly, acetone-dried rough brucellae were extracted with 2.5% NaCl at 4°C for 2 days to remove protein. The cell residues were collected by centrifugation and extracted with phenol-water at 68°C for 30 h at room temperature, and centrifuged. The precipitate was resuspended in water with triethylamine, and the process was repeated two additional times. The supernatant fluids were pooled and dialyzed for 1 week against several changes of double distilled water and finally lyophilized. The degree of purity of the preparations was tested by immunoelectrophoresis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and thin-layer chromatography (23) .
Purified Brucella S-LPS and lipid A used for comparative purposes were prepared as described previously (22, 24) . R-LPS from Escherichia coli K-12D-21f (obtained from M. Howe, Department of Bacteriology, University of Wisconsin-Madison) was extracted by the chloroform-petroleum ether-phenol method of Galanos et al. (13) .
Chemical analysis. R-LPS samples were analyzed colorimetrically for total protein, ester, and amide-linked fatty acids and 2-keto, 3-deoxyoctonate (KDO) content as reported previously (23) . Sugar analysis was performed by gasliquid chromatography by the method of Burke and Keegstra (4) . The presence of amino sugars was confirmed by use of an amino acid analyzer (24) . Limulus lysate gelation activity (LLGA) was determined by the method of Sullivan and Watson (29) .
Solubilization of R-LPS. Since the purified R-LPS were not soluble in water, 7 mg of R-LPS was solubilized in 0.25% triethylatnine in 0.05 M carbonate buffer (pH 9), dialyzed against carbonate buffer, and kept at 4°C until used. Alternatively, the R-LPS was solubilized by adsorbing the material to bovine serum albumin by the method of Galanos et al. (15) and lyophilized. Antiserum production. Immune sera against R-LPS and rough Brucella cells were produced in rabbits by the protocols described by Moreno et al. (23, 24) and Schurig et al. (28) . Antisera against R-LPS were also produced in mice by intraperitoneal injection of 0.2 ml of emulsions containing 1 mg of R-LPS per ml of Freund complete adjuvant. A total of five injections was given at 4-day intervals, and serum was obtained 5 days after the last injection. Antisera specific for lipid A from E. coli and lipid A from B. abortus 45/20 were produced in rabbits by intravenous injections of the washed cells which had been treated with 1% acetic acid at 100°C for 3 h, as described by Galanos et al. (14) . The specificities of these antisera have been described elsewhere (21) . Immunoelectrophoresis and immunodiffusion of R-LPS and agglutination of brucellae were performed as described previously (24, 28) .
Electron microscopy. R-LPS and S-LPS were suspended in distilled water to give a concentration of 1 mg/ml. Each preparation was negatively stained by the addition of an equal volume of 2% neutral sodium phosphotungstate (PTA). A drop of each R-LPS-PTA suspension was placed on a collodion-coated grid which had been previously covered with a thin carbon film. After 3 min, excess moisture was removed with filter paper. Micrographs were made with an Hitachi HU-12A electron microscope at 75 keV. RESULTS Table 1 presents the results of the chemical analysis and the LLGA of purified R-LPS from four different species of Brucella. As a percentage of dry weight, the R-LPS had higher proportions of lipid and less carbohydrate and protein than the S-LPS. The LLGA varied between 2 and 0.05 ng, depending on the R-LPS preparation.
It may be seen from the sugar analysis in Table 2 that, in contrast to S-LPS, R-LPS did not contain quinovosamine; the mannose and glucose concentrations were lower and the KDO concentration was higher. Also, B. ovis R-LPS had more glucosamine and KDO than any other Brucella S-or R-LPS. An unknown sugar with a retention time of 21.9 min which was present in the R-LPS from B. melitensis, B. ovis, and B. canis was absent from the B. abortus S-and R-LPS. This sugar had been previously recognized in B. melitensis S-LPS (22) . Heptose was not detected in any of the preparations analyzed. Figure 1 shows the antigenic relationship of the different R-LPS tested with sera prepared against rough B. abortus cells. With the exception of B. ovis R-LPS, which showed a reaction of partial identity, all the R-LPS from other brucellae gave reactions of identity with each other. In general, spur formation by B. ovis R-LPS was dependent on the immune serum used, e.g., serum from a rabbit immunized with B. ovis R-LPS did not distinguish differences between R-LPS from B. ovis and other R-LPS preparations (23) . In contrast, serum from mice immunized with B. ovis R-LPS agglutinated only these rough organisms and precipitated with the homologous preparation but not with R-LPS from other Brucella sp. (Fig. 2) . Results were identical with R-LPS preparations solubilized with triethylamine or by complexing with bovine serum albumin.
None of the immune sera prepared against R-LPS reacted with S-LPS (Fig. 1) ed in Fig. 3 . Preparations of R-LPS from each of the species tested gave only one line of precipitation with the same pattern of migration toward the anode. Figure 4 shows electron micrographs of B. abortus S-and R-LPS and E. coli R-LPS. In contrast to E. coli R-LPS and B. abortus S-LPS, both of which formed typical lamellar structures in the micrographs (18), B. abortus R-LPS had a granular appearance. Consistent with this observation, Brucella R-LPS is not soluble in water, is slightly soluble in the presence of anionic detergents or sodium deoxycholate, and requires more triethylamine than E. coli lipid A to be solubilized (15) .
DISCUSSION
Earlier unsuccessful attempts to isolate and characterize R-LPS from Brucella sp. (2, 17, 19) had led to the idea that the rough species and R variants of Brucella spp. lack endotoxin (17, 19, 20) . However, a rough-specific antigen extracted from B. ovis was shown to have endotoxic activity equivalent to that of S-LPS extracted from B. abortus (16) . The immunochemical characterization of R-LPS from four different species of Brucella presented here and the biological activities studied in previous investigations (22) that when rough brucellae are extracted in the appropriate manner, the R-LPS are consistently isolated. It is also clear that the chemical nature and physical structure of Brucella R-LPS is different from those of enterobacterial R-LPS.
Our data confirm the report of Diaz and Bosseray (8) on absence of cross-reactions between S-and R-LPS of Brucella sp. and of serological identity of determinants among R-LPS of B. abortus, B. melitensis, B. ovis, and B. canis. They also confirm the presence of additional unique antigenic determinants on R-LPS of B. ovis. We have no explanation for the apparent ability of mice but not rabbits to respond only to this unique determinant(s). There are also crossreactive determinants on lipid A's of Brucella and E. coli, which are not exposed on the intact LPS. This was demonstrable by precipitation with sera from rabbits immunized with whole cells from which the R side chains had been removed by mild acid hydrolysis (21) .
On chemical analysis, absence of quinovosamine from R-LPS and its presence in S-LPS stand out as a distinctive feature. In addition, R-LPS have proportionately less mannose than S-LPS. R-LPS from B. melitensis, B. ovis, and B. canis had an unidentified sugar (retention time, 21.9 min) which we had also found in B. melitensis S-LPS (22) 
